The intracellular distribution of enzymes, participating in the j@-oxidation of fatty acids in the eucaryotic alga Cyanidium has been studied. After separating the organelles from a crude homogenate on a linear flotation gradient, the enzymes enoyl-CoA hydratase, hydroxyacyl-CoA dehydrogenase, and thiolase were present in the mitochondrial fraction (density: 1.19 gram per cubic centimeter). Activity of an acyl-CoA synthetase was found in the mitochondrial fraction as well as in a band where mitochondnal membrane apparently had accumulated (density: 1.17 gram per cubic centimeter). None of these enzymes were present in the peroxisomes (density: 1.23 gram per cubic centimeter). Results from cell fractionation as well as properties of ,8-oxidation enzymes indicate a mitochondrial location of fatty acid degradation also in the algae Galdieria sulphuraria and Cyanidioschyzon merolae.
Since Cooper and Beevers (5) discovered in 1969 that in castor bean endosperm the ,8-oxidation offatty acids is located in the glyoxysomes, a number of studies have been done on nonfatty tissues of higher plants. It has now become evident that in higher plants the only site of,-oxidation is in the peroxisomes ( 11) as it has been found in the fungus Candida (31) . However, in mammalian cells, two types of p-oxidation systems are present: one located in the peroxisomes and the other in the mitochondria (21) . Data on ,B-oxidation in algae are very scarce. However, three different situations have been found so far. In the charophyte Mougeotia (green algae), the A-oxidation is located in the peroxisomes as it is in higher plants (28) . In the chlorophyte Eremosphaera viridis (33) and in four Prasinophycean algae (29) , a dual localization has been found similar to the situation in mammalian tissue. A solely mitochondrial location is present in the xanthophyte Bumilleriopsisfiliformis (14) . (The results reported by Graves and Becker [12] on the distribution of f-oxidation enzymes in heterotrophically grown Euglena are not conclusive.) Recently, a method was developed to isolate mitochondria and peroxisomes from the alga Cyanidium caldarium (Tilden) Geitler (15) , thus providing an opportunity to investigate the ,8-oxidation of fatty acids in an alga that has frequently been regarded as the most primitive eucaryotic organism. ' Supported by National Science Foundation (Grant PCM 84-03542) and a postdoctoral fellowship (Feodor-Lynen program) from the Alexander-von-Humboldt foundation (West Germany). 2 
Determination of Native Molecular Mass
The native molecular mass ofthe enoyl-CoA hydratase and the hydroxyacyl-CoA dehydrogenase was estimated by gel filtration on a Sephacryl S-300 and a Sephadex G-100 column (1 x 60 cm), respectively, using fumarase (194,000), aldolase (161,000), hexokinase (99,000), alcohol dehydrogenase from yeast (141,000) and from horse liver (80,000), a-amylase (50,000), peroxidase (40,000), and Cyt c (12,500) as markers.
Assays
All assays for measuring enzyme activities were carried out at 25°C. Enzymes were tested as described: catalase, aldolase, alcohol dehydrogenase, a-amylase, peroxidase, hexokinase, malate dehydrogenase (2), fumarase (5), citrate synthase (15), glycolate oxidase, formation ofphenylhydrazone (14) , thiolase (33), enoyl-CoA hydratase, hydroxyacyl-CoA dehydrogenase (28), carnitine palmitoyltransferase, carnitine acetyltransferase (3), acyl-CoA oxidoreductase (6, 28) , acyl-CoA oxidase (18) , Cyt c oxidase, NADPH-Cyt c reductase (17) . The Three enzymes of /3-oxidation tested-enoyl-CoA hydratase, HOA-DH, and thiolase-exhibit an activity peak in the gradient coinciding with that of citrate synthetase and fumarase. When the organelles in this fraction were broken by osmotic shock, the enzymes Cyt c oxidase and malate dehydrogenase were recovered exclusively in the pellet after high speed centrifugation. The three ,8-oxidation enzymes were found together with the matrix enzymes fumarase and citrate synthase only in the supernatant. Therefore, it seems unlikely that these enzymes were merely unspecifically bound to membranes or organelles in this fraction rather than located in intact organelles. Furthermore, the ratio of the activity of the enzymes enoyl-CoA hydratase and HOA-DH found in the soluble fraction of the gradient and in the mitochondrial fraction is in good correspondence to the ratio obtained for the mitochondrial matrix enzyme fumarase. This and the low activity of the enzymes in the fraction containing mitochondrial membranes indicate that these ,B-oxidation enzymes are located in the mitochondrial matrix. In contrast, the activity of the fatty acid activating enzyme, acyl-CoA synthetase, shows a broad peak at a density of 1.17 to 1.19 g/cm3, i.e. fractions containing mitochondrial membranes and intact mitochondria. This suggests that the acyl-CoA synthetase is bound to the mitochondrial membrane. However, activity of this enzyme was also found in the soluble fraction, i.e. at the bottom of the gradient. This activity is probably not due to the solubilized mitochondrial enzyme because osmotic breakage of intact mitochondria as well as treatment of mitochondrial membranes with 0. From mammalian tissue, it is known that in the mitochondria the activities of the enoyl-CoA hydratase and the HOA-DH can be attributed to two different proteins whereas in the peroxisomes a bifunctional protein exists that catalyzes both reactions as it does in higher plants (9, 10) and yeast (19, 22) . As shown in Figures 2 and 3 as well as in Table I the activities of the enoyl-CoA hydratase and the HOA-DH from Cyanidium are completely separable using ammonium sulfate fractionation, affinity chromatography, and gel filtration. About 98% of the total enoyl-CoA hydratase activity loaded onto the Affi-Gel blue column eluted by washing with 0.5 M KCI and was free ofHOA-DH activity (fraction A). The remaining enoyl-CoA hydratase co-elutes with HOA-DH at higher KCI concentrations (fraction B). The enoyl-CoA hydratase in this fraction could be separated from the dehydrogenase by gel filtration on Sephadex G-100 (Fig. 3) . As found by others (25) , the HOA-DH lost about 70% of its activity when the preparation was diluted, i.e. during gel filtration. Addition of 0.15% BSA to the running buffer slightly enhanced the recovery.
Parallel experiments under the same conditions except that the protease inhibitor PMSF (0.2 mM) was present in all solutions prior to the gel filtration step showed basically the same results. The native molecular mass ofthe HOA-DH was estimated to be 65 ± 2 kD which corresponds to the molecular mass obtained for the enzyme from pig heart (23) and from rat liver (25) . The protein of the enoyl-CoA hydratase from Cyanidium was found to be considerably smaller (87 ± 2 kD) than reported for the enzyme from bovine liver (30) and pig heart (7). The Km of the HOA-DH for S-acetoacetyl-CoA was estimated to be about 5 AM which is lower than reported for the enzyme from rat liver (16.7 ,uM) (25) and pig heart (60 ,uM) (23) , respectively.
Studies were also done on the intracellular location of 13-oxidation enzymes as well as on the separability of enoyl-CoA hydratase and HOA-DH in the algae Galdieria sulphuraria and Cyanidioschyzon merolae. These two species are considered to be closely related to Cyanidium, with Galdieria rep- resenting an advanced form and Cyanidioschyzon a more primitive form than Cyanidium. Attempts to separate organelles from Cyanidioschyzon were unsuccessful due to high trapping effects. However, from Galdieria organelle separations were obtained similar to those from Cyanidium. Both 13-oxidation enzymes tested-enoyl-CoA hydratase and HOA-DH-were located only in gradient fractions containing intact mitochondria and in the soluble fraction. These two enzyme activities were completely separated using column chromatography. This could also be demonstrated for the enzymes from Cyanidioschyzon.
DISCUSSION
Two enzyme systems for the 1-oxidation of fatty acids have been described for eucaryotic cells. These two systems differ not only in their intracellular location but also in at least three of the participating enzymes. The first enzyme of the 13-oxidation-the acyl-CoA oxidoreductase-was found to be a dehydrogenase in the mitochondria (16) , whereas peroxisomes possess an oxidase (5) . In addition, it has been shown that the enzyme activities of the enoyl-CoA hydratase and the HOA-DH can be attributed to two different proteins in the mitochondria of mammalian cells (24) ; in peroxisomes these activities are catalyzed by a bifunctional enzyme. This bifunctional enzyme has been found in the peroxisomes from yeast (19, 20, 22) , from animal tissue (24) , and from higher plants (9, 10) . In Cyanidium these two enzyme activities are catalyzed clearly by two different enzymes (Fig. 3) . Recent studies done by Ueda et al. (32) on the bifunctional enzyme from Candida have shown that this enzyme can completely lose its HOA-DH activity when attacked by proteases, so that only a protein with enoyl-CoA hydratase activity remains. Addition of the protease inhibitor PMSF to the grinding medium prevented this alteration of the enzyme. In Cyanidium the addition of PMSF had no effect on the separation or activity of the enoyl-CoA hydratase and the HOA-DH. Activity of carnitine palmitoyltransferase and carnitine acetyltransferase, enzymes thought to be involved in transport of acyl-CoA esters through mitochondrial membranes in animals, were not detectable in Cyanidium. The first enzyme could also not be demonstrated in the mitochondria of the yellow-green alga Bumilleriopsis, whereas the latter was found to be highly active in this alga (13) . Data obtained for the algae Cyanidioschyzon and Galdieria suggest that, as in Cyanidium, the 13-oxidation is localized exclusively in the mitochondria.
For many years it was believed that 13-oxidation, as studied in principally mammalian systems, was a strictly mitochondrial process. In 1969 (5) it was shown that in fatty seedling tissues enzymes of 1-oxidation are confined to the glyoxysomes, and subsequently it has become clear that in higher plants generally a strictly peroxisomal location ofthe enzymes of 13-oxidation is the rule (10, 1 1) . It is now known that the peroxisomes from animal cells also contain this distinctive set of enzymes in addition to those previously recognized in the mitochondria, and thus a dual location is established (21) . Although only a few algae have been examined, it is already clear that, in contrast to the consistent picture observed within mammalian and higher plant groups respectively, several dispositions of the enzymes of 1-oxidation occur within this single group. An exclusively peroxisomal location has been found in the charophyte Mougeotia (28), a dual site of 1-oxidation in the chlorophyte Eremosphaera (33) as well as in several Prasinophytes (29) and a mitochondrial location in the xanthophyte Bumilleriopsis (14) and in Cyanidium. Such differences may have taxonomic value. Although speculation about the evolution of these characteristics is hazardous, the fact that a solely mitochondrial location of 1-oxidation is observed in two algae (Bumilleriopsis filiformis and Cyanidium) which are not considered to be phylogenetically related suggests at least that this characteristic is of polyphyletic origin. 
